The spore-bearing cell of Pkycomyces~,Ja~growing zone at its distal end which is sensitive to light. ' An i~tufease in illumination causes a temporary increase in rate of elongatxono~ the cell, the so called hght growth response. Light has this effect oniy.if it strikes the growing zone, and the response is produced at the same place. This region of the cell therefore comprises the functions of a "single receptor" and "single effector." The most valuable measure of the response to light is the reaction time) which may occupy from 2 to 10 minutes, and is almost entirely latency, since the time of exposure to light need only be a fraction of a second. In multicellular plants the reaction times to light are longer, due to the transmission of hormonal effects.
The conditions of the experiment were as shown in Fig. 1 . The data are given in Table I , the mean reaction times are plotted in Fig. 2 . Inspection of the curves shows (1) that as the length of exposure to light increases, the reaction time shortens to a minimal value determined by the intensity; (2) longer exposures do not further shorten the reaction time; (3) the range of exposures which is effective in shortening the reaction time appears to be shorter the higher the intensity of light.
The significance of these measurements is best seen if quantities of light (intensity × time) are plotted on the abscissa instead of ex-
~~ ~ I FIo. 1. Diagram of experimental conditions. From a source not shown in the figure, the culture was continuously illuminated from above throughout the experiment with 0.0017 foot-candles, except during the brief stimulating exposure. This served to orient the growth of the cells at all times. Different exposures were obtained with a calibrated photographic shutter. Intensities were measured photometrically at the level of the sporangiophore. posure times. (See Fig. 3 .) The upper portions of all the curves are brought together, showing that (within a certain range) to produce a response after a particular reaction time a constant quantity of light is needed, irrespective of its time and intensity components. This relation is the familiar Roscoe-Bunsen law. Of more interest is the fact that the data show the failure of this relation to hold when the time component in stimulation becomes large. Thus in Fig. 2 each curve falls toward a base line determined by the intensity alone, and not by the energy of the flash of light. In Fig. 3 the curves begin to separate at an energy of less than 10 foot-candle seconds. Something limits the e.~ecti~e duration of the exposure to light. That this is not simply due to the using up of all of the photosensitive material is shown by the fact that the curves for the different intensities reach different base lines. Evidently secondary processes follow the photochemical reaction, and get under way with velocities determined by the light intensity.
Families of curves similar to those of Fig. 2 were obtained by Hecht (1918) for the latent period of the light response of the clam Mya, and by Adrian and Matthews (1927) for the retinal latent period of the eel's eye. The data of Hartline (1928) on the magnitude of the electric response of the grasshopper's eye yield comparable curves in which for each intensity the potential which is developed rises with increasing exposure toward a limiting value determined by the intensity of the light. In all these cases and in the present one, light acts on a photochemical system which is coupled to secondary processes leading to specifically different responses. The dependence of the reaction time of Phycomyces on intensity shows that light does not promptly pull a trigger. Not only is the ultimate growth response graded, but the time taken to bring it about is determined by the stimulating intensity.
H I
The response of Pkycomyces to light is remarkable in that after exposure to even very intense illumination there is a latency of at least 2 minutes before any change in rate of growth is observed. When the acceleration does occur, the growth curve rises sharply. (See Fig. 4 .) What goes on during this long latent period?
Light accelerates the growth of Pkycomyces but at this stage of development is not necessary for it. Over a sufficient period of time, the total elongation is independent of the presence of light or the occurrence of light growth responses. The plots in Fig. 4 show that after a temporary acceleration induced by a flash of light, the course of growth gradually returns to where it would have been had there been no flash of light. Exactly the same holds for the dark growth response: on darken!rig there is a temporary decrease in growth rate which is completely compensated for when the light is turned on again. Light must act therefore by facilitating changes already under way, 3.25, 2.75, 3.50, 3.25, 3.25 3.50, 3.50, 3.75, 3.50, 3.25 3.50, 3.25' 3.25, 3.00, 4.25 3.75, 3.00, 3.00, 3.50, 3.25 3175, 3.75, 3.75, 3.75, 3.00 3.75, 2.75, 3.25, 3.50, 3.50 '4.25 ~ 3.75, 4.25, 4.50, 4.00, 3.50 4.50, 4.00, 4.00, 3.75, 3.75 4.50, 4.50, 4.50, 4.50, 4.75 4.75, 4.50, 4.25, 4.50, 4.50 4.50 6.00, 5.25, 5.75, 5.50, 5.25 5.75, 5.50, 5.00, 5.50, 4.75 3.75, 3.75, 4.00, 4.25, 4.50 4.00, 4.00, 3.75, 3.50, 4.00 3.75, 4.50, 3.75, 4.25, 4.00 4.00, 4.50, 3.75, 4.25, 4.00 4.75, 4.25, 4.50, 4.00, 4.00 4.50, 4.00, 3.75, 4.50, 4.50 4.75, 4. 751 4.50, 4.50, 4.25 4.25, 4.75, 4.50, 4.50, 4.50 Average R.T. rather t h a n b y contributing essential materials3 T h e accelerator which i t produces is to be contrasted with auxin, without which growth of Arena coleoptiles cannot occur (Went, 1928 ).
Oort's (1932) measurements Were not continued quite long enough to show that no significant increment in length is added by the response to a flash of light. This statement does not refer to effects of light or darkness maintained for long periods of time. Thus the sporangiophore of Phycomyces reaches a final length which is greater the lower the intensity of light in which it is grown. This effect bears no close relation to the growth response induced by sudden exposure to light.
This idea has not been tested in prolonged absence of light because of the difficulty of securing oriented, measurable growth under these circumstances. If it could be shown that the action of light really produced a material essential for growth, it would still be true that over an enormous range of intensities light is not a limiting factor.
The latent period might be taken up by one of the following events: 1. A remote step in the growth process is accelerated; the latency is the time for this acceleration to pass down the sequence of growth processes to the final stage, the extension of the cell wall.
2. The cell protoplasm is stimulated to faster secretion of wall substance. The first possibility is rendered improbable for the following reasons: light does not act on a spatially remote stage of the growth process, since Blaauw (1918) has shown that the zones of growth and of sensitivity to light coincide, and extend less than 2 ram. below the distal, spore-bearing end of the cell. If an average diameter of the cell is 0.09 ram., the whole system is localized in a volume not greater than 2wr ~ = 0.013 rnm.8 The driving force behind the light growth response is probably not thus localized, since if this force is turgor, all elastic strained parts of the coenocyte should contribute to the magnitude of the response. Furthermore, if light accelerated some early stage of the growth process localized within the growing zone we would expect fast growing cells to show shorter reaction times than slow growing ones, since the time required to propagate the effect through a chain of growth processes should be some inverse function of the rates of the processes. Fig. 5 shows measurements of reaction times of cells growing at different rates under identical conditions of light, temperature, and sensitivity. There is no corrdation of reaction time with rate of growth. This is evidence against the idea that the lag is due to the action of light on some antecedent stage of the growth process.
The second possibility offers no separate explanation of the lag unless some meaning can be attached to the term "stimulation.', Long latencies do not necessarily accompany stimulation by light, thus the latency in animal photoreceptors is usually less than 0.1 second. While a slow "clock reaction," for instance of the type described by Forbes, Estill, and Walker (1922) , might conceivably occupy the latent period, we prefer to seek a more tangible interpretation. The relatively large size of the Phycor~yees ceU and particularly the relation to be described later between cell radius and reaction time suggest that radial translocation Of the light effect is involved.
In the third possibility the lag is due to time taken by some photolyte (or its derivative) in reaching the ceU waU in sufficient amount. There is no evidence permitting a final choice between the ideas (1) that the ultimate action of light is on the physical properties of the cell wall, or (2) that the peripheral protoplasm is eventually stimulated to faster deposition of wall substance. The first alternative seems more probable, however, in view of the following: the cell is a closed, incompressible system which is increasing in volume at a rate determined by processes taking place in the mycelium. These are uninfluenced by local illumination of the growing zone, several centimeters away. If, therefore, the cell suddenly gains in length it must be at the expense of a loss somewhere in diameter. In this sense the light growth response is a change in the shape of the cell rather than in its rate of volume increase. Such a change in shape is not a part of ordinary growth, and suggests a unidirectional change in the ductility of a wall substance, directly acted on by turgor.
Consideration of the phototropic bending of the cell of Phycomyce~ has moreover suggested that absorption of light may take place throughout the cell, although the effect on growth is manifested at the wall 8 (Castle, 1933) . If during the latent period a sufficient quantity of some substance produced by light in the protoplasm of the cell had to be transported centrifugally to the wall, the radius of the cell might partly determine the latency. Measurements of individual reaction times of cells of different radii show that the larger cells have definitely longer reaction times. (See Fig. 6 .) If all cells were uniformly filled with equal concentrations of light-sensitive substance, and if the response were set off by the accumulation of a definite amount of some photolyte per unit area of wall, the larger cells would have shorter reaction times, since in these cells the necessary amount of photolyte would be produced nearer the wall. The situation is evidently not as simple as this. There are at present no grounds for making other assumptions designed to fit the radiusreaction time data.
Transmission of the light effect to the wall might take place by simple diffusion, by diffusion aided by protoplasmic streaming, or by some other conducting mechanism in the protoplasm. If reciprocals * Within the growing zone there is often no recognizable separation of the cell contents into protoplasm and sap vacuole. The lumen of the cell is filled with a granular, fluid mass in which no oriented protoplasmic streaming is evident (of. Oort and Roelofsen, 1932) . Sometimes a small central vacuole occupies 1/10 to 1/5 of the cell diameter.
of reaction times are taken as approximate measures of the rates of the latent period process, the temperature coefficient for the interval 25°/15 ° is 1.7. But it cannot be concluded that this value is too high for diffusion since there is no assurance that the threshold of the growth process upon which the photolyte acts is unaffected by temperature change. Furthermore, high values of temperature coefficient are often found for processes in which diffusion certainly is involved, as in the penetration of water into cells (cf. McCutcheon and Luck~, 1932) . Whether protoplasmic streaming, which is conspicuous except at the growing zone of the cell, is significant for growth is not known.
The question as to the mechanism of transport of the light effect within the cell must be left open.~ That centrifugal transport actually takes place seems inescapable (1) because the actual process of elongation occurs at the wall, and (2) because the latency is independent of all measured attributes of the cell except the radius. It is noteworthy that light is a stimulating agent that acts intracellulafly. A typical animal photoreceptor cell contains a pigment within it which absorbs light, then somewhat later a nerve impulse is set off. The cell of Phycomyce.s is a good parallel on a larger scale and with a correspondingly longer latent period. In both cases the observed result of stimulation is an effect produced at the cell surface: a nerve impulse or an extension of the cell wall. Even structures as specifically different as those which are being compared may have an important step in common following the absorption of light in the transmission of excitation to the cell surface.
Iv
The relation between the light and growth systems in Phycomyces can be diagrammed as follows:
Light-sensitive light
Above is shown the light system, with P the product of the action of light on a light-sensitive substance. P is produced in the light and removed in darkness, and the direction of this change determines whether a light growth or dark growth response follows (cf. Castle, 1932) . P therefore exerts a continuous influence on growth even though it is not a limiting factor. The light system is represented as reversible, which implies that P is not used up in growth. The arrow labelled "transport" represents the direction of movement of P when light acts on the system. When a steady state is reached there is presumed to be no concentration gradient of P. The growth system is represented below as a series of irreversible processes, one of which is facilitated by the presence of P (or a derivative of it). The latency in the response to light [s due to the time needed for the transport of a sufficient quantity of P from its place of origin to the growth system, presumably to the cell wall or outermost layer of protoplasm.
The light and growth systems are independent, in the sense that although a flash of light temporarily accelerates elongation, over a period of 1 to 2 hours any extra increment in length is lost, and the length of the cell becomes what it would have been had there been no flash of light. Temporary darkening conversely does not result in a loss of growth over such a period of time.
The facts of light and dark adaptation (Tollenaar and Blaauw, 1921; Castle, 1929) can be described in terms of the light system alone, as referable to changes in the concentration of light-sensitive substance present. As judged by changes in the reaction time during dark adaptation, this process is practically complete within 40 minutes. Oort (1932) used the magnitude of the positive phase of the light growth response as a measure of sensitivity, and found that more than 2 hours must elapse after exposure to light before a second light response of full size was obtained. His data show, however, that minimal reaction times ,were obtained after about 40 minutes of dark adaptation. Therefore the light system must be restored after 40 minutes, and the extra 1½ hours needed for further recovery represents the time necessary for the growth system proper to build itself up to equilibrium. Although it is important to know what determines the size of the light growth response, use of its magnitude as a criterion of sensitivity conceals the important fact that after a flash of light the light system reaches equilibrium in about one-third the time required by the growth system. 2. The possible nature of the very long latency in the response to light is considered in terms of the structure of the cell and its mechanism of growth. It is suggested that during the latency some substance produced by light in the protoplasm is transported centrifugally to the cell wall or outermost layer of protoplasm.
3. The total elongation occurring over a period of 1 to 2 hours is independent of flashes of light or temporary darkening. Light acts by facilitating some change already under way in the growth system, and during the principal phase of elongation is not a necessary or limiting factor for growth.
4. Judged by the reaction time, the original sensitivity is restored in the light system following exposure to light in about one-third the time required for equilibrium to be reattained in the growth system.
